Five recombinant inbred lines (RILs) of Arabidopsis (Arabidopsis thaliana), previously selected from the Bay-0 3 Shahdara RIL population on the basis of differential leaf senescence phenotypes (from early senescing to late senescing) when cultivated under nitrogen (N)-limiting conditions, were analyzed to monitor metabolic markers related to N assimilation and N remobilization pathways. In each RIL, a decrease of total N, free amino acid, and soluble protein contents with leaf aging was observed. In parallel, the expression of markers for N remobilization such as cytosolic glutamine synthetase, glutamate dehydrogenase, and CND41-like protease was increased. This increase occurred earlier and more rapidly in early-senescing lines than in late-senescing lines. We measured the partitioning of 15 N between sink and source leaves during the vegetative stage of development using 15 N tracing and showed that N remobilization from the source leaves to the sink leaves was more efficient in the early-senescing lines. The N remobilization rate was correlated with leaf senescence severity at the vegetative stage. Experiments of 15 N tracing at the reproductive stage showed, however, that the rate of N remobilization from the rosettes to the flowering organs and to the seeds was similar in early-and late-senescing lines. At the reproductive stage, N remobilization efficiency did not depend on senescence phenotypes but was related to the ratio between the biomasses of the sink and the source organs.
N between sink and source leaves during the vegetative stage of development using 15 N tracing and showed that N remobilization from the source leaves to the sink leaves was more efficient in the early-senescing lines. The N remobilization rate was correlated with leaf senescence severity at the vegetative stage. Experiments of 15 N tracing at the reproductive stage showed, however, that the rate of N remobilization from the rosettes to the flowering organs and to the seeds was similar in early-and late-senescing lines. At the reproductive stage, N remobilization efficiency did not depend on senescence phenotypes but was related to the ratio between the biomasses of the sink and the source organs.
Leaf senescence is a long developmental process leading to death. In Arabidopsis (Arabidopsis thaliana), leaf senescence onset starts as leaf expansion stops (Buchanan-Wollaston et al., 2003; Diaz et al., 2005) through the induction of a series of metabolic changes allowing nutrient recycling and remobilization. Because plants are static and most of the time nutrients are limited, Leopold (1961) proposed that leaf senescence was selected through evolution to allow plants to improve nutrient economy and to survive upon starvation. Indeed, nitrogen (N) depletion is known to accelerate leaf senescence and to increase N recycling and mobilization (Schulze et al., 1994) . Through recycling the endogenous nutrients from the senescing leaves, plants can better support the growth of younger leaves and reproductive organs under nutrientlimiting nutrition (for review, see Masclaux-Daubresse et al., 2008) .
Mechanisms and enzymatic processes for N mobilization during leaf senescence have been investigated in numerous plant models (Bernhard and Matile, 1994; Masclaux et al., 2000; Martin et al., 2005; Cabello et al., 2006) . Rubisco is the main leaf N storage protein, and the degradation of this enzyme during senescence has been widely studied even though Rubisco degradation is still poorly understood. Rubisco proteolysis could be initiated by the deleterious effects of reactive oxygen species (Ishida et al., 1998) . Afterward, the senescenceinduced aspartic protease CND41, encoded by the nuclear genome and localized specifically to the chloroplast, could degrade Rubisco. In vitro analysis confirmed that CND41 showed a Rubisco proteolytic activity at physiological pH values (Nakano et al., 1997; Fig. 1) . However, CND41 could not act on Rubisco unless its structure was denatured. Therefore, active Rubisco in the chloroplast would be resistant to CND41-catalyzed degradation until leaf senescence is under way. CND41 homologs have been identified in Arabidopsis that might also be responsible for the regulation of Rubisco turnover and senescence. Rubisco degradation certainly releases numerous free amino acids available for phloem loading and other interconversions. The way by which amino acids are loaded to the phloem of senescing leaves for translocation is poorly documented (van der Graaff et al., 2006).
One possibility is that amino acids would be interconverted to increase the synthesis of amino acids dedicated to transport, like Gln and Asn. Indeed, in tobacco (Nicotiana tabacum), it has been shown that the cytosolic Gln synthetase (GS1) and the mitochondrial Glu dehydrogenase (GDH) are induced as the primary N-assimilating enzymes decrease with aging . Through the catabolism of Glu, GDH provides ammonium as a substrate for neosynthesis of Gln by cytosolic GS1 . Both GS1 and GDH enzymes are mainly located in the roots. However, during senescence, GS1 protein is detected in both leaf mesophyll and companion cells (Brugière et al., 2000) . The GS1 and GDH enzymes are octameric and hexameric proteins, respectively. Genes encoding their different subunits belong to multigenic families, and in Arabidopsis, five genes have been isolated for GS1 (gln1.1-gln1.5) and three genes (gdh1-gdh3) for the NADH-dependant GDH. From molecular physiology and gene-expression profiling, it appears that gln1.1, gln1.2, gln1.4, and gdh2 belong to the Senescence Associated Genes family (Bernhard and Matile, 1994; Guo et al., 2004) . However, the precise role of these genes in the N remobilization process still remains to be investigated in Arabidopsis.
In a previous report, the extent and the variability of leaf senescence in Arabidopsis were characterized using five genotypes from the Bay-0 3 Shahdara recombinant inbred line (RIL) population that have been selected for their differential leaf lifespan, yellowingsymptom earliness, and intensity (Diaz et al., 2005) . A metabolic profiling of aging leaves from the five RILs showed that metabolite contents were similarly modified throughout aging regardless of the genetic background of the RILs (Diaz et al., 2005) . Age-related modifications, however, occurred earlier and were more pronounced in the early-senescing lines than in the late-senescing lines. From this study, it was shown that the quantities of hexoses, Suc, starch, and individual amino acids in leaves change with aging and depend on the senescence severity. In particular, g-aminobutyrate, Leu, Ile, Tyr, and Arg accumulate to a greater extent during leaf aging and in the leaves of early-senescing lines compared to those of latesenescing lines. At the same time, Glu and Asp decrease more rapidly in early-senescing lines with aging. This study then showed that transaminating activities are certainly differentially expressed during leaf aging and senescence. The amino acids do not all play the same role in plant metabolism and are not mobilized with the same efficiency. All these results lead us to address the question of the leaf N remobilization efficiency (NRE) in the five RILs.
In this report, the expression of the N remobilization enzymatic and molecular markers have been monitored during leaf aging in the five genetic backgrounds chosen previously by Diaz et al. (2005) . The aim was to determine if the mechanisms for N remobilization and their regulation are similar in Arabidopsis and in other plant species and if N remobilization depends on leaf aging and leaf-yellowing severity. To determine if total N export is correlated with leaf senescence and/or N remobilization markers, we determined different carbon and N pools and measured N fluxes using 15 N tracing.
RESULTS
Comparison of the Biomass of Five RILs Showing Differential Senescence Patterns Diaz et al. (2005) characterized the Arabidopsis RILs on the basis of leaf senescence phenotypes. RIL310 is the earliest senescing line, RIL083 and RIL232 are early senescing, while RIL045 and RIL272 are latesenescing lines. The six first leaves (6FL) of the rosettes that have emerged concomitantly for all the RILs were used to compare the effect of aging on N metabolism between genotypes. Rosettes were dissected to isolate and collect the 6FL and the new leaves (NL), which are the pool of leaves that have emerged after the 6FL. While the biomass of the 6FL depends only on the biomass of each leaf, the biomass of the NL depends on both the number of leaves that have emerged with time and their growth rate. The 6FL can be considered as a source of N mobilization for the NL that will in turn be a further source for the flowering stems.
The dry weight (DW) of the 6FL changed according to a bell-shaped curve ( Fig. 1) for all the RILs. The 6FL DW stabilized when leaves attained maturity, then the 6FL DW decreased. This decrease was observed earlier and was more rapid for the early-senescing lines than for the late-senescing lines. The DW of the NL also changed according to a bell-shaped curve, but the decreasing phase of this curve was not related to the senescence phenotype of the line but to the emergence of the flowering bud. Interestingly, the total rosette DW (6FL-DW 1 NL-DW) was higher in the latesenescing lines (RIL272, 45 mg, and RIL045, 40 mg) than in the early-senescing lines (RIL310, 30 mg, and RIL083, 30 mg), thus illustrating the negative correlation between rosette dry matter and leaf yellowing that was found previously by Diaz et al. (2006) when studying the variation of N use efficiency and senescence traits on the whole RIL population.
Comparison of the Chlorophyll and Starch Contents in the 6FL and the NL of the Five RILs As previously described by Diaz et al. (2005) , the total chlorophyll decreased with leaf aging earlier and more rapidly in the 6FL of early-senescing lines than in the 6FL of late-senescing lines ( Fig. 2A) . In the 6FL, the extent of chlorophyll decrease paralleled the decrease of starch concentration for all of the lines, except RIL045 (Fig. 2B) . In the NL, the concentration of chlorophyll was surprisingly higher in the early-senescing lines than in the late-senescing lines (Fig. 2C) , suggesting that the NL chlorophyll concentration could compensate the higher loss in the 6FL of the same plant. By contrast, the starch concentration in the NL was higher in the late-senescing lines (Fig. 2D) , suggesting that the The concentration of total N decreased with rosette aging in a similar way for all the RILs (Fig. 3, A and B) . This decrease occurred at 24 d after sowing (DAS) in the 6FL and 35 DAS in the NL. Surprisingly, the decrease of N in the 6FL was not delayed in the latesenescing lines compared to early-senescing lines. In the NL, the N decrease was less pronounced in RIL310 than in other lines.
Total N can be distinguished in structural N and remobilizable N. Amino acids and soluble proteins are N-remobilizable pools. With aging, both free amino acids and soluble protein concentrations decreased in NL and 6FL (Fig. 3, C-F) . In the 6FL, the decrease in total protein appeared earlier for the hyper-senescing RIL310 line and was slightly higher for all the early-senescing lines compared to the latesenescing lines after 50 DAS (Fig. 3C ). The decrease of amino acid concentration in the 6FL was also similar in the early-and late-senescing lines, except in RIL310 that remained with higher amino acid concentration (Fig. 3E) .
In the NL, the soluble protein ( Fig. 3D ) and the free amino acid concentrations (Fig. 3F) were higher in the early-senescing lines than in the late-senescing lines, showing an opposite trend as that observed for sugars (Diaz et al., 2005;  Fig. 2D ).
Changes in N Enzyme Activities in the 6FL of the Five RILs during Aging It has been widely reported that primary N assimilation enzymes are down-regulated with leaf aging, while N remobilization enzymes are induced . Therefore, we measured GS, GDH, and nitrate reductase (NR) activities on the 6FL of the five RILs. As expected, the NR and GS activities decreased with aging (Fig. 4 , A and B), whereas GDH activity increased (Fig. 4, C and D) . However, time courses of NR activity decrease and GDH activity increase were not different between the early-and late-senescing RILs. By contrast, the total GS activity decreased earlier and more rapidly in the 6FL of early-senescing lines than in those of late-senescing lines. We measured the abundance of GS1, GS2, Rubisco, and CND41 proteins by gel staining and antibodies. The amount of GS1 protein increased with aging for all the RILs, whereas the amount of GS2 protein decreased (Fig. 5A ). The increase in GS1 protein was sharper in the 6FL of RIL310 at 41 and 45 DAS. Rubisco content decreased with leaf aging for all the lines, but earlier and more rapidly in the 6FL of RIL310 and RIL083 (Fig. 5B) . Antibodies raised against the tobacco CND41 chloroplastic aspartic protease were used to detect a potential CND41-like protein in Arabidopsis. Very interestingly, the signal detected with the CND41 antibodies was higher in the early-senescing lines (Fig. 5C ). The CND41 signal remained very low in RIL045 and was almost undetectable in the 6FL of RIL272.
Change in the N Enzyme mRNA Contents in the 6FL of the Five RILs Total RNA was extracted from the 6FL of the RILs. These leaves were senescing earlier in RIL310, RIL232, and RIL083 than in RIL045 and RIL272. Because RNA degraded during senescence, the content and quality of the RNA extracted from the first leaves of these lines did not allow us to properly detect transcripts after 41, 48, and 52 DAS for RIL310, RIL083, and RIL232, respectively. This explains why results are likely to be incomplete for these lines.
The expression of the chlorophyll a/b-binding protein gene (cab) was used as a marker for senescence gene down-regulation. The decrease in cab mRNA expression occurred earlier in the 6FL of RIL310 (27 DAS) and RIL083 (31 DAS) than in the 6FL of RIL232, RIL045, and RIL272 (34 DAS). The cab mRNA remained detectable in RIL272 and RIL045 late, until 52 and 57 DAS, respectively (Fig. 6 ).
By comparison with cab, both nia and gln2 mRNA, encoding NR and GS2 proteins, respectively, decreased with aging. The amount of nia and gln2 mRNA decreased earlier and to a greater extent in early-senescing lines than in late-senescing lines. By contrast, gln1.1 and gln1.2 (both encoding GS1 proteins), gad2 (encoding a Glu decarboxylase isoform), and gdh2 (encoding GDH) mRNA levels increased with leaf aging earlier and to a greater extent in the early-senescing lines than in the late-senescing lines (Fig. 6 ). To determine to what extent N is mobilized during plant development and to compare this trait between the five RILs, labeling experiments were carried out as described in ''Materials and Methods.'' Three different labeling protocols were designed to determine: (1) the In Exp. 1, we used the 11 first leaves (11FL) of the rosettes as source leaves rather than the 6FL as it was done with the compost-grown plants, because rosettes grown upon hydropony developed more slowly and were smaller. For that reason, the 2 to 3 mg DW needed to perform N measurements cannot be obtained from the 6FL at time 0 (T0). Because the five RILs developed the 11FL quite simultaneously in hydropony, this batch of leaves was chosen as source leaves labeled until T0. The 15 N fluxes from the 11FL, labeled during the pulse period, to the NL emerged during the chase period, were illustrated by the partition of 15 N at the end of the pulse period (T0) and at T1, 10 d later. Between T0 and T1, six to seven NL emerged. Because these NL appeared and developed during the chase period, the 15 N they contain can only come from the remobilization of the 15 N absorbed during the pulse period and assimilated in the roots and in the 11FL before the end of the pulse period. (Fig. 7, A and B) . Approximately 15% of the 15 N has been assimilated in the roots during the pulse period, while the major part (85%) was incorporated in the 11FL. The determination of P% in the roots, the 11FL, and the NL at T1 showed that 15 N has been mobilized from the roots and from the 11FL to the NL. Remobilization from the 11FL was higher than from the roots for all the RILs (Fig. 7, A and B) . Moreover, the percentage of 15 N exported from the 11FL to the NL during the chase period was significantly higher for the early-senescing lines than for the late-senescing lines, thus showing that the extent of 15 N remobilization is linked to leaf senescence intensity (Fig. 7, B and C) . The early-senescing RIL310, RIL083, and RIL232 have remobilized 16%, 10%, and 12% of N, respectively, from 11FL to NL between T0 and T1, while the late-senescing RIL045 and RIL272 mobilized 5% and 7% of N, respectively, during the same period of time.
In Exp. 2, the flux of 15 N from the whole rosette and the roots to the flowering stem and reproductive organs was investigated. Because only RIL083 and RIL272 (Diaz et al., 2005) flowered in the same time, these lines were chosen for this experiment. Roots and rosettes were labeled with 15 NO 3 2 until the emergence of the flowering bud (T0), which occurred at 59 DAS. At T0, for each line, three labeled plants were separated as root and rosette. During the chase period, plants were collected at 66 DAS (T1) and 88 DAS (T2). The newly appeared organs between T0, T1, and T2 were then separated as cauline leaves, primary (I) and secondary (II) stems, siliques, and flowers. For all the lines, it was verified that Qwp T0 5 Qwp T1 5 Qwp T2 (data not shown). The partitioning of 15 N and the level of 15 N mobilized is presented in Table I . At T0, the partitioning of 15 N in the roots was higher for RIL272 than for RIL083 (25% versus 20%). This difference was Figure 6 . Changes in the steady-state levels of transcripts for the cab senescence marker, nia, gln2, gln1.1 and gln1.2, gad2, and gdh2 in the 6FL with an 18S rRNA probe used as a control for loading standardization (not shown). N in roots and 11FL at T1, and in roots, 11FL, and NL at T2 is described in ''Materials and Methods.'' Values are the means of six individual plants, SEs are presented. The percentage of N mobilized from roots and 11FL to the NL between T0 and T1 is mentioned on the graph, on the top of the bars. The probability that the differences between T0 and T1 (between dark and gray bars) was not significant was estimated using ANOVA and is indicated as such: *, P , 0.05; **, P , 0.01; ***, P , 0.001. N contained in the rosettes at T1) was exported from the rosette to the flowering stems and reproductive organs. Remobilization from the rosettes mainly benefited the cauline leaves and the flower 1 silique compartments. The strength of these two sinks appeared slightly more powerful in RIL083 than in RIL272 (Table I) .
Because there was no significant difference in the level of 15 N mobilized from the rosettes of the earlysenescing line RIL083 and the late-senescing line RIL272, while the siliques and flowers sinks seemed to be slightly favored in RIL083, the question of grain filling was addressed. Hydroponic culture mode is not suitable to seed production. Culture on sand was then preferred. Culture on sand did not permit the harvest of roots; however, because the remobilization of 15 N from the roots measured in previous experiments appeared very weak, it was assumed that neglecting the root compartment will not drive large errors. For each RIL, four plants were cultivated in N-limiting conditions. The labeled 15 NO 3 2 was provided to the plants in the watering solution, twice at 40 and 42 DAS, when the rosette growth was exponential. After 15 N uptake, sand was carefully rinsed several times with distilled water to remove the remaining labeled N. The transfer of the plants from short-day photoperiod to long-day photoperiod at 56 DAS induced flowering and reduced the difference of flowering time between the RILs. Plant material was collected at the end of the cycle when the whole plants were dry and seeds fully matured (i.e. around 140 DAS). The partition of dry matter (milligrams DW), total N (milligrams), and 15 N (micrograms) between the dry remains (rosette 1 stems 1 cauline leaves 1 siliques) and the seeds compartment was investigated (Table II) .
At the end of their life cycle, the total biomass (DW) per plant was similar (around 800 mg/plant) for all the RILs, except RIL083, whose dry matter was slightly lighter. The total N and 15 N per plant were not different between the five RILs, thus showing that the N uptake was similar for all the plants and genotypes. However, the partitioning of dry matter, total N, and 15 N in the seeds was significantly different between RIL310 and the other RILs. Compared to other genotypes, RIL310 produced large vegetative biomass and very few seeds. For that reason, the quantity of 15 N mobilized to the seeds was also very low. Thus, except in the case of RIL310, the partitioning of 15 N in the seed This showed that the ratio between the source and the sink sizes was correlated with the level of the flux of N to the seeds.
DISCUSSION
To investigate the effect of senescence and leaf aging on the N remobilization process in Arabidopsis, the molecular physiology of five RILs from the Bay-0 3 Shahdara population was investigated. These lines have been previously studied and analyzed for several N use efficiency and leaf-yellowing traits (Loudet et al., 2003 ; http://dbsgap.versailles.inra.fr/ vnat/Documentation/33/DOC.html; Diaz et al., 2006) and for metabolic markers allowing senescence severity characterization (Diaz et al., 2005) .
The determination of the biomass, amino acid content, and sugar content led us to confirm some correlations and characterizations that have been previously observed on the whole population in response to N limitation (Loudet et al., 2003; Diaz et al., 2005 Diaz et al., , 2006 . In this article, we observed indeed that the earlysenescing lines showed lower dry matter accumulation in their rosettes than late-senescing lines. This was consistent with the negative correlation found between traits at 35 DAS (vegetative stage) for leaf yellowing and dry matter level (Diaz et al., 2006) .
We observed here that the NL of the early-senescing lines were more concentrated in protein and free amino acid than the NL of late-senescing lines. By contrast, they contained a lower amount of total sugars. The NL composed the major part of the rosette after 35 DAS. This opposite trend between early-and late-senescing genotypes was consistent with the positive correlation found between leaf-yellowing and total N concentration described in Diaz et al. (2006) and with the colocalization of the major quantitative trait loci (QTLs) found for N use efficiency and yellowing. It remains, however, to be explained why early-senescing lines accumulated more N and chlorophyll and less sugar in their NL than late-senescing lines. In addition, the reason why the chlorophyll content was higher in the NL of early-senescing lines while starch accumulation and dry matter were lower is unclear. One hypothesis is that the whole rosette of early-senescing lines has a lower carbon use efficiency.
The total N, amino acid, and protein concentrations measured in the NL and the 6FL decreased with aging in the five RILs. This trend can be attributed to the N dilution process already described for many plant species (Greenwood et al., 1990; Justes et al., 1994; Plénet and Lemaire, 2000) . Soluble protein concentration decreased earlier and to a greater extent in the 6FL of the early-senescing lines, whereas the total N concentration decreased similarly over time between all the RILs. This suggested that N remobilization and proteolysis have been enhanced earlier and in the same time as senescence symptoms progressed. The measurement of NR and GDH activities suggested that N assimilation decreased and Glu catabolism increased with aging. The check point between the primary assimilation phase and the remobilization phase, as described by Masclaux et al. (2000) , was around 40 DAS for all the lines. Determination of total GS activity was more informative and facilitated the monitoring of leaf senescence and the N remobilization process. The change in total GS is the result of both GS2 and GS1 fluctuations. Because GS2 is the most represented GS isoenzyme in the leaves, the decrease of total GS can be attributed to a decrease of GS2, as observed on the western blots and suggested by the down-regulation of gln2. The decrease of GS activity was detected sooner in early-senescing lines (as soon as 34 DAS for RIL310). In parallel with the decrease of assimilation transcripts like cab, nia, and gln2, the transcripts for the N remobilization enzymes like GS1 and GDH accumulated. This accumulation occurred 16.4 6 10.6 11.6 6 5.1 RIL083 382 6 70 231 6 51 613 6 119 3.3 6 0.3 7.8 6 1.9 11.13 6 2.0 15.7 6 2.9 32.0 6 4.6 47.7 6 4.0 37.5 6 2.4 69.1 6 6.5 67.1 6 6.0 RIL232 577 6 56 235 6 15 812 6 57 4.4 6 0.6 8.0 6 0.7 12.4 6 0.9 16.8 6 1.8 29.2 6 2.9 46.0 6 2.0 29.0 6 2.5 64.3 6 3.6 63.4 6 4.5 RIL045 619 6 123 200 6 59 819 6 66 7.4 6 3.8 7.0 6 1.8 14.4 6 2.4 17.7 6 7.7 30.9 6 9.8 48.6 6 9.6 25.0 6 8.7 50.6 6 16.5 63.6 6 14.6 RIL272 512 6 44 255 6 19 767 6 62 4.2 6 0.3 9.3 6 0.8 13.5 6 0.9 15.3 6 2.0 34.6 6 7.9 49.9 6 10.7 33.2 6 1.0 68.5 6 1.6 69.1 6 2.2 earlier in the early-senescing lines and paralleled senescence symptoms. In accordance with the accumulation of g-aminobutyric acid observed by Diaz et al. (2005) , we observed here the accumulation of the gad2 transcripts with aging. While gln1.1 and gln1.2 transcripts accumulated, increased GS1 protein content was also observed. The good correlation between gln1.2 and gln1.1 induction, GS1 accumulation, and leaf senescence severity suggested that the N remobilization was more efficient and occurred earlier in the early-senescing lines. In addition, the similar increase of gdh2 expression and GDH activity with aging suggests that GDH participate in amino acid degradation and recycling in Arabidopsis . Free amino acids present in senescing leaves are supposed to be released from the intense proteolytic activity induced with aging (Brouquisse et al., 2000) . Indeed, we observed that Rubisco, which is the largest N storage protein, decreased with aging. Antibodies raised against the tobacco CND41 protein allowed us to detect a signal in the 6FL extracts that increased with aging and paralleled the decrease of Rubisco protein. While Rubisco decrease was stronger in earlysenescing lines, the CND41-like protein was much more abundant in the leaves of early-senescing lines. This CND41 homolog proved then to be a good marker for leaf senescence severity, and its large accumulation in parallel with Rubisco decrease suggests that this protease has an important role in N remobilization in Arabidopsis (Kato et al., 2005a (Kato et al., , 2005b .
All together, the results of the molecular physiology of the five RILs showed that N remobilization markers were expressed earlier in the early-senescing lines. The remaining question was then to determine if the earlysenescing lines mobilize N more efficiently than latesenescing lines.
To address this question,
15
N labeling and tracing experiments were performed. The results showed that NRE was different depending on the source/sink model considered. The labeling protocols used here allowed us to determine the remobilization of N from the roots and the shoot compartments to the sink organs that appeared during the chase period. The new organs formed during the chase period, such as NL, flowering stems, and seeds, were certainly not the lone sink for N remobilization, because it is known that roots can also be sink (Rossato et al., 2002) . We cannot exclude the possibility that during the chase period, roots also gained 15 N from the first leaves. However, such a 15 N flux to the roots was not detected here, and the imbalance between root gain and root export only quantified root export. Then results showed that the 15 N mobilized and exported from the roots was less than the amount mobilized from the leaves. The most striking result was that the level of 15 N mobilized from leaf to leaf during the vegetative phase of the rosette growth was higher in early-senescing lines than in late-senescing lines. N remobilization during vegetative development of the rosette was then clearly dependent on the senescence symptoms severity. By contrast, the level of 15 N remobilized from the whole rosette to the flowering organs during the reproductive phase did not differ between the lines. The proportion of 15 N assimilated during the vegetative phase of leaf development and mobilized to the seeds and flowering stems was not related to the leaf senescence phenotype. For all the lines, except RIL310, approximately 65% of the 15 N absorbed during the vegetative growth was remobilized to the seeds. The variation between the lines RIL045, RIL272, RIL083, and RIL232 was weak. In RIL310, the amount of N remobilized to the seeds was very low, and this is certainly a result of the low fitness of this line. Using all the data available on the five lines, a good correlation was found between the partitioning of dry matter in the seeds and the partitioning of 15 N in the seeds. This indicated that the efficiency of N remobilization to the grain was certainly controlled by the respective sizes of the sink and source compartments. The RIL310, which is a late-flowering line, has favored vegetative growth rather than reproduction.
As a result, we conclude that leaf senescence influences NRE at the vegetative stage only, emphasizing that leaf senescence and rosette senescence have to be distinguished as sequential senescence occurring during the vegetative rosette development and a monocarpic senescence that occurs at the flowering stage. The existence of both sequential and monocarpic senescence in Arabidopsis depends on genotype and environment. Monocarpic senescence is more easily observed when plants are grown in a long-day photoperiod to favor flowering and is related to the whole rosette longevity rather than to individual leaf senescence symptoms (Levey and Wingler, 2005) . Sequential leaf senescence observed during the vegetative stage varies with genotypes and can be more easily observed when plants are grown in short-day photoperiod and, for example, under N-limiting nutrition (Diaz et al., 2006) .
Monocarpic and sequential senescence are certainly not controlled by the same genetic basis (Luquez et al., 2006) and do not have the same influence on NRE. Diaz et al. (2006) showed that the most important QTLs to explain individual leaf senescence under limiting N nutrition colocalize with N use efficiency QTLs measured at vegetative stage. In this article, the absence of genetic variation for the NRE to the seeds questions the pertinence of searching for N remobilization QTLs in the Bay-0 3 Shahdara population. Studying NRE traits using a population of accessions, or core collections of RILs, would be necessary to assess correlation between senescence, NRE, and harvest index [P%(DW)] traits.
MATERIALS AND METHODS

Plant Material and Growth Conditions for Physiological Study
The five lines RIL310, RIL272, RIL232, RIL083, and RIL045 selected from the Bay-0 3 Shahdara RIL population have been previously described and characterized by Diaz et al. (2005) . Plants were grown as described by Diaz et al. (2005) under nitrate-limiting conditions and in short days (light/dark cycle 8 h/16 h) and photosynthetic photon flux density of 160 mmol m 22 s 21 .
The pots were watered three times per week by immersion of the base of the pots in a solution, pH 5.5, containing 3 mM nitrate (Diaz et al., 2005) . About 20 d after sowing, the five RILs had formed six leaves plus cotyledons. Diaz et al. (2005) have observed that the time when the 6FL emerged was similar for all the RILs, whereas the date of emergence of further leaves was different. As physiological studies require a lot of plant material, we decided to use the 6FL of the rosettes. For metabolic and molecular analysis, the 6FL of four or six rosettes were dissected every 3 or 4 d and pooled. At each harvesting time, four different bulks of 6FL were harvested per RIL between 10 and 11 AM and stored at -80°C before further experiments. The remaining part of the rosette, called NL and consisting of the young leaves that emerged after the 6FL, was also collected and stored. N nutritive solutions were the same as in Exp. 1. The end of the pulse period at T0 was 59 DAS, when RIL272 and RIL083 emerged concomitantly flowering buds. At T0, three labeled plants were harvested to form root and whole-rosette T0 labeled samples. For the remaining plants, the 15 N nutritive solution was replaced by unlabeled 14 N nutritive solution. As for Exp. 1, roots and all material were carefully rinsed using distilled water before transferring plants to the unlabeled solution. At T1, 66 DAS, the roots, rosettes, and the newly appeared organs of three plants were dissected. The new organs were separated as the primary flowering stem (I), cauline leaves (I) on the primary flowering stem, and the flowers (I) carried on the primary flowering stem. At T2, 88 DAS, three remaining plants were dissected to form the roots, the rosette, the primary flowering stem (I), the secondary flowering stem (II), the cauline leaves, and the siliques plus flowers carried on the flowering stems I and II.
Exp. 3 Was Carried Out Using Plants Grown on Sand
Seeds of the five RILs were vernalized in agar 0.1% for 48 h at 4°C and sown on sand. Plants were grown in a growth chamber under the following In all the labeling experiments, after drying and weighing each plant part, material was ground to obtain homogenous fine powder. A subsample of 1,000 to 2,000 mg was carefully weighed in tin capsules to determine total N content and 15 N abundance using an elemental analyzer (roboprep CN; PDZ Europa Scientific) coupled to an isotope ratio mass spectrometer (Twentytwenty; PDZ Europa Scientific) calibrated measuring natural abundance. 
Metabolite Extraction and Analysis
Amino acids and NH 4 1 were determined after extraction in 2% solution of 5-sulfosalicylic acid (50 mg FW mL 21 ) by the Rosen colorimetric method using
Gln as a reference (Rosen, 1957) . Sugars were determined after ethanolic extraction (Loudet et al., 2003) . Suc and hexoses were determined as described by Masclaux-Daubresse et al. (2002) in supernatants. Starch content was determined from pellets (Masclaux-Daubresse et al., 2002) .
Enzymatic Assays
Enzymes were extracted from frozen leaf material stored at 280°C. Nitrate reductase was extracted and the maximal extractable activity measured as described by Ferrario-Méry et al. (1997) . GS was measured according to the method of O'Neal and Joy (1973) . The NADH-and NAD 1 -dependent GDH were measured as described by Turano et al. (1996) , except that the extraction buffer was the same as for GS.
Chlorophyll and Total Protein Determinations
Chlorophyll content was determined in crude leaf extracts used for GS activity (Arnon, 1949) . Soluble protein content was determined in crude leaf extracts used for GS activity using a commercially available kit (Coomassie Protein assay reagent; Bio-Rad).
Gel Electrophoresis, Western-Blot Analysis, and Gel-Staining Procedure
Proteins were extracted in HEPES (50 mM, pH 7.5), MgCl 2 (2 mM), EDTA (0.5 mM), dithiothreitol (2 mM), and Triton X-100 0.1% buffer. Proteins from three different extracts were pooled and separated by SDS-PAGE (Laemmli, 1970) . The percentage of polyacrylamide in the running gels was 8% for GS and 12% for Rubisco and CND41. An equal amount of protein (10 mg for GS, 20 mg for CND41, and 6 mg for Rubisco) was loaded in each track. Denaturated proteins were electrophoretically transferred to nitrocellulose membranes or 
